Enteropathy-associated T cell lymphoma is a severe complication of celiac disease (CD). One mechanism suggested to underlie its development is chronic exposure of intraepithelial lymphocytes (IELs) to potent antiapoptotic signals initiated by IL-15, a cytokine overexpressed in the enterocytes of individuals with CD. However, the signaling pathway by which IL-15 transmits these antiapoptotic signals has not been firmly established. Here we show that the survival signals delivered by IL-15 to freshly isolated human IELs and to human IEL cell lines derived from CD patients with type II refractory CD (RCDII) -a clinicopathological entity considered an intermediary step between CD and enteropathyassociated T cell lymphoma -depend on the antiapoptotic factors Bcl-2 and/or Bcl-xL. The signals also required IL-15Rb, Jak3, and STAT5, but were independent of PI3K, ERK, and STAT3. Consistent with these data, IELs from patients with active CD and RCDII contained increased amounts of Bcl-xL, phospho-Jak3, and phospho-STAT5. Furthermore, incubation of patient duodenal biopsies with a fully humanized human IL-15-specific Ab effectively blocked Jak3 and STAT5 phosphorylation. In addition, treatment with this Ab induced IEL apoptosis and wiped out the massive IEL accumulation in mice overexpressing human IL-15 in their gut epithelium. Together, our results delineate the IL-15-driven survival pathway in human IELs and demonstrate that IL-15 and its downstream effectors are meaningful therapeutic targets in RCDII.
Introduction
Celiac disease (CD) is a model disease to analyze how the loss of oral tolerance to dietary proteins, the cereal-derived prolamines (collectively called gluten), can lead to chronic intestinal inflammation, systemic autoimmunity, and ultimately T cell lymphomagenesis (1) . Indeed, one severe complication of CD can be the onset of enteropathy-associated T cell lymphoma (EATL), a high-grade invasive lymphoma with a very poor prognosis that occurs late in adult life, usually after years of undiagnosed and/or silent CD (2) . Our previous work has demonstrated that EATL arises from intraepithelial lymphocytes (IELs; refs. 3, 4) . This unusual T cell population undergoes a massive expansion in CD and participates in a cytolytic attack of the epithelium orchestrated by IL-15, a potent proinflammatory cytokine upregulated in the intestinal epithelium of CD patients (5, 6) . In CD, this cytokine stimulates the effector functions of IELs and their cytotoxicity against epithelial cells, notably by increasing their expression of activating NK receptors and/or synergizing with the NK receptor signaling cascade (7, 8) . IL-15 might also be instrumental in driving lymphomagenesis within the IEL compartment. This hypothesis is consistent with the observation that IL-15 transgenic mice develop CD8/NK lymphomas and leukemias (9) . In these mice, chronic overexpression of IL-15 may pervert the normal homeostatic prosurvival signals delivered by IL-15 to NK and CD8 + T lymphocytes into an abnormal protracted antiapoptotic signal impairing their elimination after activation or upon transformation, thereby allowing their accumulation and additional transformation events (9) . Along this line, we and others have obtained evidence that IL-15 contributes to enhanced survival and subsequent accumulation of nontransformed IELs in CD (10) as well as of aberrant IELs in type II refractory CD (RCDII; ref. 6 ). The mechanisms that drive IL-15 secretion in CD remain to be determined. We and others have provided evidence that exposure to gluten peptides can upregulate IL-15 synthesis in intestinal tissues of CD (5, 6, 11) , yet the nature of the posttranslational mechanism underlying IL-15 upregulation in CD remains unknown. Notably, it is unclear whether gluten acts directly or indirectly by promoting tissue inflammation and/or stress. This second possibility is supported by the observation that in RCDII, overexpression of IL-15 persists or resumes together with villous atrophy despite the gluten-free diet (GFD; ref. 6) . RCDII is a new clinicopathological entity now considered as an intraepithelial T cell lymphoma and has recently been identified as an intermediary step between CD and EATL. RCDII is characterized by phenotypically aberrant IELs, which lack surface CD3-T cell receptor complexes (sCD3 -) but contain several CD3 chains (refs. 3, 12 , and our unpublished observations). Abnormal IELs generally lack CD8, but, like their normal counterparts, express CD45, CD7, and the CD103 integrin, a marker shared by EATL (4, 13) . In contrast to EATL cells, RCDII IELs display normal cytological features and do not proliferate in situ (6, 13) . However, they contain clonal TCRγ gene rearrangements (3, 13) and chromosomal abnormalities (14) and progressively replace and/or eliminate the normal subsets of CD8 + CD3 + TCRαβ + and CD8 +/-CD3 + TCRγδ + IELs. Furthermore, they can disseminate into the lamina propria, blood, and extraintestinal sites (15) , all features strongly suggestive of their malignant nature. Moreover, approximately 40% of RCDII patients develop EATL, which, when tested, contains the same clonal TCRγ rearrangements as do RCDII IELs (15) , verifying the intraepithelial origin of EATL and attesting that RCDII is as an intermediate stage in the process leading from hyperplasia of normal T IELs in CD to overt T cell lymphomas.
Eradicating abnormal IELs at the stage of RCDII should prevent the onset of EATL. However, this goal has not been attainable by various immunosuppressive and chemotherapeutic approaches, and the prognosis of RCDII remains very poor (15) . IL-15-dependent antiapoptotic signaling is a possible therapeutic target. Whereas the potent antiapoptotic properties of IL-15 in CD8 + T cells and NK cells are definitively established (16, 17) , the signaling pathway is not firmly established. Recent studies in murine NK cells have emphasized the role of the PI3K pathway and of Mcl-1 (18), yet it is unclear whether this pathway can be generalized to human T cells, either normal or transformed. Here, we show that IL-15 elicits the same antiapoptotic signaling cascade implicating Jak3, STAT5, and Bcl-xL in normal and RCDII IEL cell lines and demonstrate its in situ activation in active CD (ACD) and RCDII, thus providing a strong rationale for a strategy based on IL-15 blockade to treat RCDII.
Results

IL-15-induced survival of RCDII IEL lines depends on Bcl-2 and/or
Bcl-xL, but not Mcl-1. One important mechanism underlying the potent prosurvival signal delivered by IL-15 might be the induction of antiapoptotic factors of the Bcl-2 family. Thus, the antiapoptotic effect of IL-15 in NK cells was ascribed to the induction of either Bcl-2 in humans (19) or Mcl-1 in mice (18) , whereas the contribution of a third prosurvival factor induced by IL-15, Bcl-xL, was suggested in human NK cells (20) , murine memory T lymphocytes (21) , and intestinal IELs (22) . We therefore examined the role of these factors in IL-15-driven survival of RCDII IEL lines. All 3 factors - Bcl-2, Bcl-xL, and Mcl-1 - were detected by Western blot, and Bcl-2 and Bcl-xL were detected by intracellular staining. In RCDII IEL lines, this expression remained detectable at 0.5 ng/ml IL-15, the lowest concentration able to maintain lymphocyte survival ( Figure 1, A and B ). IL-15 starvation resulted in strong apoptosis of RCDII IEL lines accompanied by a progressive increase in the percentage of cells stained by annexin V and propidium iodide (PI) between 48 and 96 hours. In keeping with a role for the intrinsic pathway, cleavage of caspases 9 and 3 was also observed (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI41344DS1). A rapid and profound decrease of Bcl-xL and Bcl-2 transcription was visible at 6 hours ( Figure 1C ) and persisted after 48 hours. In contrast, Mcl-1 mRNA decreased only modestly at early time points, and even tended to increase after 48 hours of IL-15 deprivation ( Figure 1C ). Decreased intracellular expression of Bcl-2 and Bcl-xL was detected by flow cytometry analysis by 48 hours and was more profound for Bcl-xL than for Bcl-2 ( Figure 1B ). Western blot analysis at 72 hours showed decreased levels of the 3 antiapoptotic molecules, but statistical analysis of 5 distinct RCDII IEL lines indicated that the decrease was only significant for Bcl-xL (P = 0.04, paired t test; Figure 1A ), suggestive of a preferential influence of IL-15 on the regulation of this antiapoptotic factor in the human IEL lines studied.
Prosurvival factors of the Bcl-2 family are made of 3 domains, BH1, BH2, and BH3, which fold together to form a receptor site that binds proapoptotic BH3-only proteins, thereby protecting cells from apoptosis induction (23) . The BH3 mimetic ABT-737 binds Bcl-2 and Bcl-xL, preventing their association with proapoptotic molecules and neutralizing their antiapoptotic activity, but not the activity of Mcl-1 (24) . A 48-hour treatment of IL-15dependent RCDII IEL lines with increasing concentrations of ABT-737 resulted in a dramatic induction of apoptosis and a marked decrease in the number of live lymphocytes ( Figure 1D ). Not surprisingly, ABT-737, which directly blocks Bcl-2 and Bcl-xL function, induced apoptosis more rapidly than did IL-15 starvation, which markedly reduced the intracellular levels of the 2 proteins after 48 hours. Together, these findings demonstrate that in RCDII IEL lines, Bcl-xL and/or Bcl-2 are central to the prosurvival effect of IL-15, but Mcl-1 is not.
IL-15 promotes survival of abnormal IELs through stimulation of the IL-15 βγ receptor and activation by the Jak3/STAT5 signaling pathway. The IL-15 receptor is composed of a specific but widely expressed α chain (IL-15Rα) and the β and γ c chains, which are shared with the IL-2 receptor and coexpressed exclusively by lymphocytes (IL-2/ IL-15Rβγ c ). The exact contribution of IL-15Rα to IL-15 signaling is controversial. IL-15Rα can confer high avidity and cytokine specificity to the receptor when expressed on lymphocytes (25) . An autonomous role in the delivery of antiapoptotic signals was also suggested (16) . However, a series of elegant studies provided evidence that NK cell and IEL development and homeostasis require IL-15Rα only to chaperone IL-15 to the surface of a variety of hematopoietic and nonhematopoietic cells and permit its efficient trans-presentation to lymphocytes expressing IL-2/IL-15Rβγ c (26, 27) . A 72-hour incubation of RCDII IEL lines in the presence of anti-IL-15Rβ mAb completely blocked IL-15-mediated survival (P = 0.02, paired t test; Figure 2A ) and strongly inhibited expression of Bcl-xL and, to a lesser degree, Bcl-2 ( Figure 2B ). In contrast, a blocking anti-IL-15Rα mAb had no effect, which indicates that the βγ c receptor alone is necessary and sufficient to transduce IL-15derived survival signals in the studied cell lines.
In normal T lymphocytes, the IL-2/IL-15Rβγ c receptor can activate several pathways that may control lymphocyte survival, including the AKT and ERK pathways and Jak-dependent activation of STAT3 and STAT5 (17, 28) . AKT, ERK, Jak3, STAT3, and STAT5 were all phosphorylated in RCDII IEL lines, and their phosphorylation decreased markedly either after IL-15 starvation or in the presence of anti-IL-15Rβ Ab, whereas anti-IL-15Rα mAb had no effect (Figures 2, C and D). In order to delineate the pathways underlying the prosurvival effect of IL-15, RCDII IEL lines were treated with a panel of specific inhibitors. Strikingly, only the Jak3 inhibitor WHIP-131 significantly increased the percentage of apoptotic cells (untreated, 17% ± 9%; WHIP-131, 44% ± 11%; P < 0.001, 1-way ANOVA with Tukey's multiple comparison test; Figure 3A ). Comparable results were obtained with a second inhibitor, PF-956980 (Supplemental Figure 4 ), recently reported to be highly specific for JAK3 (29) . In contrast, neither the ERK inhibitor nor the PI3K inhibitors wortmannin and LY294002, which block signaling upstream of AKT, had a significant effect on IL-15-induced survival of RCDII IEL lines ( Figure 3A ). Accordingly, WHIP-131, but not LY294002, reduced Bcl-xL and Bcl-2 expression ( Figure 3B ). Notably, LY294002 and WHIP-131 strongly inhibited the proliferation of RCDII IEL lines triggered by a high 10-ng/ml IL-15 concentration ( Figure 3C ), demonstrating their efficacy and indicating that the role of the PI3K/AKT pathway is confined to the control of proliferation in the latter cells.
As shown in Figure 3D , WHIP-131 prevented the phosphorylation of both STAT3 and STAT5. To further confirm the role of the Jak3/STAT pathway and to delineate the respective contribution of STAT3 and STAT5, IL-15-dependent prosurvival signaling was next analyzed using shRNAs specifically targeting each of these transcription factors. shRNAs specific for STAT5 and STAT3 (shSTAT5 and shSTAT3, respectively) efficiently blocked the expression of their respective targets in transduced RCDII IEL lines ( Figure 3E ). Yet only STAT5 inhibition reduced expression of Bcl-xL and Bcl-2; increased the amount of cleaved caspase 3 ( Figure 3E ), a key downstream effector molecule in the apoptotic cascade; and simultaneously provoked a rapid decrease in cell viability ( Figure 3F ). Collectively, these results indicate that STAT5, but not STAT3, is necessary to prevent apopto- Figure 3E ), confirming that this factor does not contribute to IL-15 prosurvival signals in the tested lines.
IL-15 activates the same antiapoptotic signaling pathway in RCDII IELs and in normal IELs from ACD patients and controls. IL-15 is thought to stimulate the survival and subsequent accumulation not only of transformed IELs in RCDII (6) , but also of normal IELs in uncomplicated CD (10) . In RCDII, however, transformed IELs progressively replace the normal hyperplasic IELs, which suggests that transformation confers a survival advantage and raising the possibility that transformation modifies IL-15 signaling. As expected, IL-15 provided a strong antiapoptotic signal to normal IELs isolated from patients with ACD or from control individuals ( Figure 4A and data not shown). This prosurvival signal was inhibited by ABT-737, even at the lowest concentrations of 0.1 and 0.01 μM ( Figure 4B ), as well as by the anti-IL-15Rβ Ab and WHIP-131, but not by the anti-IL-15Rα Ab or by drugs blocking ERK or PI3K ( Figure 4C ). Accordingly, IL-15 upregulated Bcl-2 and Bcl-xL expression and STAT5 phosphorylation in normal IELs ( Figure 5A ). Collectively, these data indicate that IL-15 activates the same antiapoptotic cascade in normal and transformed human IELs. Yet at the same 5-ng/ml IL-15 concentration, normal IELs expressed less Bcl-xL and phospho-STAT5 than did RCDII IELs. Moreover, 5- to 10-ng/ml IL-15 concentrations were necessary to prevent apoptosis in normal IELs, higher than the concentration required for RCDII IELs ( Figure 5C ). This result suggested that the antiapoptotic pathway can be more readily elicited in RCDII IELs. Consistent with this hypothesis, the level of IL-15Rβ expression was significantly higher in freshly isolated abnormal IELs than in residual normal IELs from the same RCDII patient (15.8 ± 3.6 versus 9.1 ± 3.2; P = 0.025, paired t test; Figure 5B ). Thus, low concentrations of IL-15 rescued RCDII IEL lines, but not normal IEL lines, from apoptosis ( Figure 5C ). Increased expression of Bcl-xL, but not Bcl-2, in the intestinal mucosa of patients with ACD and RCDII. Results obtained using IEL lines indicated that the antiapoptotic cascade operated by IL-15 via stimulation of IL-2/IL-15βγ c involves successive activation of Jak3 and STAT5, which in turn drives expression of Bcl-xL and, although perhaps less efficiently, Bcl-2. To determine which antiapoptotic factor operates in CD and RCDII, expression of Bcl-xL and Bcl-2 was compared in the intestinal mucosa of control individuals, of patients with uncomplicated CD (either ACD or on GFD), and of patients with RCDII. Western blot analysis of total duodenal extracts revealed a significant increase of Bcl-xL in ACD, GFD, and RCDII patients compared with controls ( Figure 6A ). Immunohistochemistry of duodenal biopsies revealed that Bcl-xL was expressed by many cell types, including lymphocytes and epithelial cells (Supplemental Figure 3A ). Therefore, to analyze Bcl-xL expression by IELs, lymphocytes were isolated from duodenal biopsies, and intracellular expression of Bcl-xL was studied by flow cytometry. Whereas few IELs were positive in controls (median, 13%; range, 1%-20%), the majority of IELs expressed Bcl-xL in RCDII (median, 59%; range, 42%-97%), ACD (median, 51%; range, 15%-93%), and GFD (median, 53%; range, 30%-73%). In contrast, there was no significant difference in Bcl-xL expression by lamina propria lymphocytes (LPLs) between CD patients and controls ( Figure 6B ).
Immunohistochemical staining indicated that, in contrast to Bcl-xL, expression of Bcl-2 in the intestine was restricted to lymphocytes (Supplemental Figure 3B) . Surprisingly, Bcl-2 was decreased in IELs from ACD or RCDII patients compared with controls and patients on a GFD. Immunoblotting demonstrated reduced amounts of Bcl-2 protein in duodenal extracts from ACD and RCDII patients compared with patients on a GFD (P < 0.05, Mann Whitney test; Figure 6A ). The difference did not reach statistical significance compared with controls, likely due to the massive increase in IEL numbers in ACD and RCDII. Indeed, the percent- age of Bcl-2 + IELs in tissue sections or in freshly isolated IELs was drastically reduced in ACD and RCDII patients compared with controls and fell between control and ACD values in patients on a GFD ( Figure 6B) . A decrease in the percentage of Bcl-2 + T cells, albeit much more moderate, was also observed in LPLs ( Figure 6B ), but no difference between patients and controls was detected in peripheral blood (data not shown). Thus, freshly isolated abnormal IELs from RCDII did not express Bcl-2, in contrast to both residual normal IELs and IELs from controls ( Supplemental Figure 3C) . Therefore, Bcl-xL, but not Bcl-2, might stimulate the survival and accumulation of IELs in ACD and RCDII.
Expression of phospho-Jak3 and phospho-STAT5 is increased in intestinal lymphocytes in RCDII and ACD and is downmodulated by a blocking anti-IL-15 Ab. Because phosphorylation of STAT5 was labile and disappeared after a 30-minute incubation at 37°C (data not shown), it was not possible to analyze phospho-STAT5 in freshly isolated IELs and LPLs by flow cytometry. In situ expression of phospho-STAT5 and phospho-Jak3 was therefore studied by immunohistochemical staining of formalin-fixed duodenal biopsies. As shown in Figure 7 , control biopsies contained a moderate number of phospho-Jak3 + and phospho-STAT5 + intestinal lymphocytes preferentially localized in the epithelium and in the upper part of the villi. In ACD and in RCDII, there was a dramatic increase in the number of phospho-Jak3 + and phospho-STAT5 + lymphocytes localized in both the epithelium and the lamina propria ( Figure 7, A and B) . Phospho-Jak3 + and phospho-STAT5 + lymphocytes remained more numerous in biopsies from patients on a GFD (data not shown) than in those from controls, a finding consistent with the observation that Bcl-xL expression by IELs did not return to control levels after GFD ( Figure 6A ). Jak3 can be activated by IL-15, but also by several other cytokines, some of which might be upregulated in CD. Therefore, to evaluate the role of IL-15 in the local activation of the Jak3/STAT5 pathway, duodenal biopsies from RCDII patients were cultured for 48 hours in the presence of the fully humanized anti-human IL-15 mAb AMG714. Expression of phospho-Jak3 and phospho-STAT5 was reduced in biopsies treated with AMG714 compared with biopsies cultured with control IgG (Figure 7 , C and D, and Supplemental Figures 5  and 6 ), which indicates that local synthesis of IL-15 participates in activation of Jak3 and STAT5. In addition, Bcl-xL expression was downregulated by AMG714 ( Figure 7D ). Collectively, these data support the hypothesis that blocking IL-15 might be useful to inhibit the survival and thereby the accumulation of normal IELs in ACD and, more importantly, of transformed IELs in RCDII.
AMG714 treatment of mice overexpressing human IL-15 in their gut epithelium restores intestinal lymphocytes' apoptosis and reduces their massive accumulation. AMG714 has recently been used without severe side effects in phase I and II clinical trials for rheumatoid arthritis (30) . We tested its capacity to reverse the abnormal in vivo survival and accumulation of IELs in C57BL/6 (B6) mice overexpressing human IL-15 under the control of T3b, an enterocyte-specific promoter (IL-15Tg E mice; ref. 31) . Consistent with previous observations (31) , IL-15Tg E mice exhibited a massive expansion of IELs compared with B6 littermates (7 ± 1.25 × 10 6 vs. 2.0 ± 0.5 × 10 6 ; P = 0.02, Mann-Whitney test; Figure 8, A and B) . As in ACD and RCDII patients, the vast majority of IELs - if not all - failed to express the KI67 proliferation marker, which suggests that their accumulation was the result of impaired apoptosis ( Figure 8A) . Accordingly, IELs from IL-15Tg E mice, but not from B6 littermates, demonstrated high expression of phospho-Jak3 and phospho-STAT5 (data not shown). Treatment of IL-15Tg E mice with AMG714, but not with a control human monoclonal IgG, increased apoptosis in IELs and LPLs within 48 hours of the first Ab injection ( Figure 8C ) and drastically decreased the number of IELs to levels seen in B6 littermates after 2 weekly injections (AMG714, 1.7 ± 0.25 × 10 6 ; B6, 2.0 ± 0.5 × 10 6 ; P = 0.01; Figure 8B ).
Treatment with ABT-737 restores normal numbers of CD8 + T, NK, and NKT cells in the blood of IL-15Tg E mice. To confirm in vivo the role of Bcl-2
and Bcl-xL in IL-15-mediated survival, we next treated IL-15Tg E and B6 control mice with ABT-737. Basal numbers of CD8 + T, NK, and NKT cells were markedly increased in the blood of IL-15Tg E mice compared with B6 controls (Figure 9A IL-15 (31) . Treatment of IL-15Tg E mice with ABT-737 resulted in the same drastic reduction in these 3 populations and restored levels observed in B6 control mice after 7 days of treatment ( Figure 9A) . Notably, the effect of ABT-737 on CD8 + T, NK, and NKT cells was comparable to that of AMG714 ( Figure 9B ), which indicates that ABT-737 acted preferentially on these IL-15-dependent populations. ABT-737 treatment also restored normal levels of T cells in the spleens and mesenteric lymph nodes of IL-15Tg E mice ( Figure 9C ). Treatment with ABT-737 i.p. had little or no effect on LPLs and IELs ( Figure 9C ), although it efficiently blocked the antiapoptotic effect of IL-15 on murine IELs cultured for 48 hours in vitro ( Figure 9D ).
Discussion
Combining in vitro, ex vivo, and in situ approaches, we showed that IL-15 activated an antiapoptotic cascade involving the βγ c module of the IL-2/IL-15 receptor, phosphorylation of Jak3 and STAT5, and expression of Bcl-xL in either normal or transformed RCDII IELs. We further observed that AMG714, a humanized anti-IL-15 mAb, inhibited endogenous activation of Jak3 and STAT5 in intestinal organ cultures from ACD and RCDII and, in vivo, stimulated IEL apoptosis and drastically reduced the massive IEL infiltration characteristic of IL-15Tg E mice, which overexpress human IL-15 in their gut epithelium. Together, these results provide a rationale for a strategy consisting of blocking IL-15 antiapoptotic signals to eliminate malignant IELs in RCDII patients, avoid their diffusion to the periphery, and prevent their almost-inevitable transformation into aggressive lymphomas.
Other than activation of CD4 + lamina propria T lymphocytes by gluten peptides presented by HLA-DQ2 or -DQ8, one cardinal feature of CD is the loss of IEL homeostasis, causing massive accumulation of activated IELs that subsides only partially after GFD and emergence of transformed IELs in a small subset of patients that fail to respond to GFD. Because neither nontransformed IELs in CD nor transformed IELs in RCDII express the proliferation marker KI67, we have previously suggested that IEL accumulation is not caused by local proliferation, but rather results from an antiapoptotic signal delivered by IL-15 overexpressed in the gut epithelium (6) . The massive accumulation of KI67 -IELs in IL-15Tg E mice is consistent with this hypothesis. The antiapoptotic role of IL-15 is firmly established, but the subsequent signaling cascade remains debated (16, 17) . In mice, both Il15ra -/- (32) and Il15rb -/-(33) mice have IEL defects, which indicates that both chains of the IL-15 receptors are involved in IEL homeostasis. A direct role of IL-15Rα in the delivery of an antiapoptotic signal was suggested by some in vitro studies (reviewed in ref. 16 ). Yet in most mouse in vivo studies, IL-15Rα does not seem to be part of the antiapoptotic signaling machinery, but rather appears as a ubiquitous chaperone molecule that is able to stabilize IL-15 and promotes its transpresentation to lymphocytes via the βγ c signaling module common to IL-15 and IL-2 receptors (16) . Here we have shown that blocking IL-15Rβ, but not IL-15Rα, inhibited the antiapoptotic signal delivered in vitro by soluble IL-15 to normal and abnormal IEL lines, demonstrating that signal transduction exclusively depended on the βγ c module. IL-15Rα, which is upregulated in the intestinal mucosa of CD patients, might stabilize IL-15 and promote its presentation to intestinal lymphocytes (34) . IL-2/IL-15Rβγ c activates the PI3K/AKT, ERK, and JAK/STAT signaling pathways, all previously shown to be involved in IL-15-driven lymphocyte survival. Several recent studies have emphasized a central role of PI3K through the modulation of proapoptotic factors. In mouse NK cells, IL-15 inhibited BIM expression via PI3K-dependent inactivation of the transcription factor Foxo3a. In addition, IL-15 stimulated proteasome-mediated degradation of BIM by activating Erk1 and Erk2 (18) . In humans, IL-15-dependent activation of PI3K and p38 was previously shown to stimulate proteasome degradation of BID in normal NK cells and in large granular T and NK leukemic lymphocytes (35) . In RCDII lines, BID expression either did not increase or increased modestly after IL-15 starvation (Supplemental Figure 2 ). Furthermore, the PI3K inhibitor LY294002, which strongly induced BID in RCDII IEL lines, failed to induce their apoptosis, arguing against a critical role for this proapoptotic factor, at least when Bcl-xL and/or Bcl-2 is strongly expressed.
In contrast, our results demonstrated that IL-15driven survival of IELs depended on Jak3 activation. Jak3 plays a central role in the early phases of lymphocyte development mainly ascribed to its contribution to IL-7R signaling. Yet treatment of adult animals and of transplanted patients with pharmacological inhibitors of Jak3 induce depletion in mature NK and memory CD8 + T cells (reviewed in ref. 36) , resulting in a phenotype reminiscent of Il15 -/animals. Interestingly, a comparable phenotype has been observed in mice with selective inactivation of STAT5a/b in mature lymphocytes (37, 38) . Through Jak3, IL-15 can activate the transcription factors STAT5 and STAT3, both of which regulate the expression of antiapoptotic genes and have oncogenic properties (39, 40) . Using shRNA, we observed that STAT5, but not STAT3, supported IL-15-mediated survival of RCDII IELs. Confirming the hypothesis that IL-15 might drive the survival of IELs through the Jak3/STAT5 pathway in vivo in CD and RCDII, in situ analysis revealed increased expression of phospho-Jak3 and phospho-STAT5 in intestinal lymphocytes of ACD and RCDII patients. Furthermore, in situ activation of Jak3 and STAT5 was dependent on IL-15, since adding a blocking anti-IL-15 mAb in duodenal organ cultures from ACD and RCDII patients downmodulated their phosphorylation.
STAT5 has a binding site on the Bcl-xL promoter and can upregulate Bcl-xL (41, 42) . Analysis of STAT5 null versus STAT5 transgenic mice also demonstrated its role in driving Bcl-2 expression in lymphocytes (37) . In contrast, STAT3 was shown to control survival of large granular leukemic lymphocytes through Mcl-1 upregulation (43) . We found that apoptosis induction in response to STAT5 inhibition by shRNA or IL-15 withdrawal was associated with decreased expression of Bcl-2 and an even more dramatic decrease in Bcl-xL, but had no or little effect on Mcl-1, which suggests that Mcl-1 is not sufficient to drive IEL survival. The latter finding was confirmed by showing that ABT-737, a drug that blocks the antiapoptotic effect of Bcl-2 and Bcl-xL but not of Mcl-1 (24), inhibited IL-15 prosurvival signals in normal and transformed IELs. Similar results were obtained in human primary NK (CD3 -CD56 + ) and CD8 + T cell lines (data not shown), suggesting that, in contrast to its role in mouse NK cells (18), Mcl-1 might not be essential for IL-15-mediated survival in human lymphocytes. Previous studies have also suggested a role for Bcl-2 and Bcl-xL in IL-15-mediated survival of NK cells (19, 20, 26, 44) , CD8 + T cells (45) (46) (47) , and IELs (48) . Our ex vivo and in situ analysis of IELs showed upregulation of Bcl-xL in ACD and RCDII, whereas surprisingly, Bcl-2 expression was diminished compared with controls and patients on a GFD. This result suggests that Bcl-xL, more than Bcl-2, might drive IL-15-dependent survival of IELs in the inflamed intestines of patients with ACD and RCDII. Interestingly, it was recently shown that trans-presentation of IL-15 via IL-15Rα induces expression of Bcl-xL, but not Bcl-2, in NK cells (26) . Because IL-15Rα is upregulated in epithelium and lamina propria of CD patients (34) , one may speculate that IL-15/IL-15Rα complexes selectively stimulate Bcl-xL expression. Alternatively, local inflammation might inhibit Bcl-2 expression in lymphocytes. Indeed, activation through the TCR (49, 50) or reactive oxygen species generated during inflammation (51) were previously shown to downmodulate Bcl-2 in T cells. Consistent with the latter hypothesis, we found that Bcl-2 expression was almost normal in CD patients on a GFD. Bcl-xL is mainly expressed by activated/memory lymphocytes (45, 49) . Since IL-15 is upregulated in response to infections, IL-15-induced upregulation of Bcl-xL may help effector lymphocytes to escape activation-induced cell death in infected tissues and thereby help eliminate the causative pathogen. Yet, as illustrated here in CD, protracted production of IL-15 might result in accumulation of proinflammatory and/or autoreactive lymphocytes sustaining chronic inflammation and autoimmunity (6, 52, 53) . Using RCDII as a unique model to analyze the first steps of T cell lymphomagenesis in humans, we provide striking evidence that amplification of a normal antiapoptotic signaling pathway can promote the accumulation of clonal transformed T lymphocytes. Increased expression of IL-2/IL-15Rβγ c on transformed RCDII IELs compared with residual normal IELs may enable them to respond to lower concentrations of IL-15, providing them with a selective advantage that could explain their progressive accumulation and the simultaneous disappearance of normal IELs. It remains to be determined whether high expression of IL-2/IL-15Rβγ c by RCDII IELs is related to their origin from the small normal subset of IL-2/IL-15Rβγ c -high IELs deprived of surface CD3-TCR complexes, to a genetic aberration, or to an acquired event induced in the local inflammatory environment.
Because activation of Jak3 and STAT5 in RCDII remains dependent on IL-15, a therapeutic approach based on the neutralization of the activating cytokine or of its receptor might be useful to eliminate abnormal cells at an early stage of lymphomagenesis, before they acquire new genetic aberrations and transform into an overt lymphoma. As a first step to test this concept, we demonstrated that AMG714 restored IEL apoptosis, thereby reducing the massive accumulation of IELs in transgenic mice overexpressing human IL-15 in their gut epithelium (31). Yokoyama et al. have recently observed that an IL-2/IL-15Rβ Ab can reverse the inflammatory epithelial lesions that develop in this model after 6-8 months of age (54) . Together, these data indicate that blocking IL-15 signaling may both alleviate epithelial damage and eradicate transformed IELs in RCDII. Interestingly, treatment of IL-15Tg E mice with ABT-737, like treatment with AMG714, reduce the expansion of circulating CD8 + T, NK, and NKT cells, which suggests that these 3 IL-15-dependent populations rely on Bcl-2 and/or Bcl-xL for their survival. These results contrast with a previous publication indicating that IL-15 mediates survival of NK cells in mice through the expression of Mcl-1 (17) , but are consistent with other studies (19, 20, 26, 44) . In contrast to AMG714 therapy, treatment with ABT-737 failed to restore normal homeostasis of LPLs and IELs in IL-15Tg E mice. Because ABT-737 efficiently blocked the antiapoptotic effect of IL-15 on murine IELs in vitro and restored normal homeostasis of circulating CD8 + T, NK, and NKT cells, distribution of this Bcl-2/Bcl-xL inhibitor might not be optimal in the intestine. Beyond RCDII, therapeutic strategies based on inhibition of IL-15 or its downstream antiapoptotic signaling pathway might be useful to treat inflammatory or autoimmune disorders associated with protracted expression of IL-15 and accumulation of activated CD8 + T cells and/or NK cells, if their distribution can be achieved in the target tissue.
Methods
Patients and controls. Endoscopic biopsies were obtained from CD patients. Patients with ACD (n = 13; mean age, 41 years) were diagnosed based on clinical symptoms, positive serology for antitissue transglutaminase Abs, and partiality to subtotal villous atrophy on normal diet. Treated CD patients were on GFD for at least 1 year (n = 10; mean age, 43 years); they had recovered normal or almost-normal villous architecture and a negative serology. RCDII (n = 14; mean age, 52 years) was defined as described previously (3, 4) : by malabsorption and villous atrophy persistent after 1 year of strict adherence to GFD, associated with greater than 30% CD103 + sCD3 -IELs (as assessed by flow cytometry phenotyping of fresh IELs isolated from biopsies) and clonal TCRγ and/or TCRδ rearrangements in duodenal biopsies detected by multiplex PCR. All RCDII patients were HLA-DQ2 and had exhibited celiac Abs (serum IgA and/or IgG anti-gliadin Abs, IgA class endomysial Abs, and/or anti-human IgA tissue transglutaminase Abs) prior to GFD. 7 patients (50%) had initially responded to GFD (mean gluten responsiveness time for all patients, 35 months; range, 0-117 months). The percent CD103 + sCD3 -IELs was 83% (range, 54%-98%). Histologically normal intestinal samples (controls), provided by P. Wind (Hôpital Avicenne, Bobigny, France) and A. Berger (Hôpital Européen Georges Pompidou, Paris, France), had been obtained from patients undergoing intestinal surgery for morbid obesity or pancreatic cancer (n = 8; mean age, 58 years). All studies using human subjects were reviewed and approved by the Ethics committee Ile-de-France II (Paris, France). Patients provided informed consent prior to their participation in this study.
Cell isolation, cell lines, and cell culture. IELs and LPLs were isolated as described previously (13, 55) and cultured in RPMI with 10% AB human serum supplemented with 1% sodium pyruvate, 1% nonessential amino acids, 1% HEPES buffer, 40 μg/ml gentamicin, and 5 × 10 -5 M β-mercapto-ethanol (Invitrogen). CD103 + sCD3 -IEL lines were derived from duodenal biopsies from RCDII patients as described previously (6) in medium containing 20 ng/ml human IL-15 (R&D Systems).
For analysis of IL-15 antiapoptotic signaling, IEL lines or fresh IELs were cultured for 48-96 hours with 5 ng/ml IL-15 in the presence of 100 μM WHIP-131 (Calbiochem), 100 μM AG490 (Calbiochem), 50 μM Ly294002 (Sigma-Aldrich), 500 nM wortmannin (Sigma-Aldrich), 10 μM U0126 (Sigma-Aldrich), indicated concentrations of ABT-737 (obtained from Abbott Laboratories Inc.), or 10 μg/ml mAbs blocking human IL-15Rα (M165; gift from AMGEN Inc.) or IL-15Rβ (clone A41 mAb; gift from Y. Jacques, INSERM U601, Nantes, France).
For organ culture, duodenal biopsies from RCDII or ACD patients were cultured as described previously (6) in the presence of 10 μg/ml AMG714 or a control human monoclonal IgG1κ (clone 120.6.1 G1k; both gifts from AMGEN Inc.) for 48 hours.
shRNA. Sense and antisense oligonucleotides covering nucleotide +1,581 to +1,599 from Stat5a initiation codon were annealed and introduced in the pSuper vector. The polIII-dependent transcription unit was then
Figure 9
Treatment of IL-15TgE mice with ABT-737 restores normal numbers of circulating CD8 + T, NK, and NKT cells. (A) 3 IL-15TgE and 2 B6 mice were treated with daily i.p. injections of 75 mg/kg ABT-737 or vehicle, and absolute numbers of CD8 + T, NK, and NKT cells were determined in the blood on days 7 and 14. Treatment of IL-15TgE mice markedly decreased the number of circulating CD8 + T, NK, and NKT cells, which returned to that observed in B6 mice. No changes in the numbers or percentages of cells were observed in mice that received vehicle only (not shown). (B) For comparison, IL-15TgE mice were treated with 2 i.p. injections of AMG714 or control human IgG (n = 3 per group). AMG714, like ABT-737, preferentially decreased the number of CD8 + T, NK, and NKT cells in the blood of IL-15TgE mice, whereas control human IgG had no effect (not shown). (C) Treatment of IL-15TgE mice with ABT-737 induced a marked decrease of CD3 + CD8 + T cells in spleen and mesenteric lymph nodes (MLNs), but had little or no effect on LPLs and IELs, compared with mice treated with vehicle. (D) IELs isolated from IL-15TgE mice were cultured in vitro for 48 hours in medium alone and supplemented with 20 ng/ml IL-15 in the presence of different concentrations of ABT-737. Results are representative of 2 independent experiments.
introduced in the green fluorescent lentiviral vector pTRIP/ΔU3-EF1α (TRIP/ΔU3-EF1α-GFP), as previously described (56) . An shRNA directed against the luciferase protein was used as control. Production of shSTAT3, shSTAT5, and shRNA control lentiviral vectors was performed as described previously (57) . IEL lines (5 × 10 5 cells/ml) were incubated with the indicated lentiviral particles at MOI of 10 for 24 hours and then intensively washed. Cells were then maintained in culture for a few days before sorting GFP + cells by FACS on a ALTRA (Dakocytomation). Transduction efficiency, expressed as percent GFP + cells, was measured by FACS analysis and reached 20%-30%; shRNA efficiency and biological consequences were all investigated on sorted GFP + cells.
Flow cytometry analysis. Lymphocytes (10 5 ) were incubated with PE-, FITC-, allophycocyanin-Cy-chome- (APC-), or PerCPcy5.5-conjugated (PerCP-conjugated) mAbs against human CD4, CD8, CD3, CD45, and CD103 (BD Biosciences) at optimal concentrations for 20 minutes at 4°C. For intracellular staining, 5 × 10 5 cells, fixed in Fix Buffer I at 37°C for 10 minutes and permeabilized in Perm Buffer III (BD Biosciences) at 4°C for 30 minutes, were labeled with PE-conjugated mAbs to human phospho-STAT5(Y694), phospho-STAT3(Y705), phospho-ERK1/2(pT202/pY204), phospho-Akt(pT308), or control isotype (all reagents from BD Biosciences) at optimal concentrations at 20°C for 1 hour. For intracellular detection of Bcl-2 and Bcl-xL, 10 5 cells were fixed and permeabilized using BD Cytoperm/cytofix and labeled with PE-conjugated anti-human Bcl-xL mAb (Abcam), FITC-conjugated anti-human Bcl-2 mAb (DAKO), or control isotypes at 4°C for 20 minutes. For detection of apoptosis, 10 5 cells were stained with annexin V-FITC and PI (TACS kit; R&D Systems). Labeled cells were analyzed with a BD-LSR II apparatus and CELLQuest software (BD Biosciences).
Mouse in vivo treatment with AMG714 or ABT-737. To test the in vivo effect of AMG714, 2 groups of 5 IL-15TgE mice (31) received 2 i.p. injections, 1 week apart, of 50 μg AMG714 or control human monoclonal IgG1κ (clone 120.6.1 G1k). To test the effect of ABT-737, 3 IL-15TgE mice and 2 B6 mice were given daily i.p. injections of ABT-737 (75 mg/kg) diluted in DMSO and a mixture of 30% propylene glycol, 5% Tween 80, 65% D5W (5% dextrose in water), pH 4-5 (final DMSO concentration, 1%; ref. 23 ). The same numbers of mice were sham treated with vehicle only. Mice were euthanized on day 14, and lymphocytes were isolated from lamina propria, intestinal epithelium, and/or mesenteric lymph nodes. Absolute numbers of CD3 + T cells were quantified by flow cytometry using PE-conjugated mouse anti-CD3 mAb and Trucount beads (BD Biosciences). Blood samples were collected at days 0, 7, and 14 for flow cytometry assessment of percentages and total numbers of CD4 + and CD8 + T lymphocytes as well as NK and NKT cells. To study lymphocyte apoptosis, IL-15TgE mice were
